Introduction
Magnetotail flapping, the up-and-down wavy motion of the current sheet is now a well-established phenomenon in the Earth's magnetotail (see e.g., Sergeev et al., 1998; Zhang et al., 2002; Sergeev et al., 2003; Runov et al., 2005) , identified in spacecraft data as multiple crossings of the current sheet. It has been shown that the waves, with periods of several minutes travel from the centre of the magnetotail to the flanks and that storm and substorm activity can excite and constrain the motion of the current sheet (Davey et al., 2012) . During the passage of these waves the current sheet can be very strongly tilted in the YZ-plane by these flapping waves. Similar observations of multiple current sheet crossings have been presented from Jupiter (Israelevich and Ershkovich, 2006; Israelevich et al., 2007) , but until now there have been no reported observations of this phenomenon at Saturn.
Early studies of the terrestrial magnetotail reported multiple current and neutral sheet crossings (neutral sheet defined as B x = 0) observed by spacecraft (Speiser and Ness, 1967;  Published by Copernicus Publications on behalf of the European Geosciences Union. Toichi and Miyazaki, 1976; Lui et al., 1978) . Although various ideas were suggested to account for these observations, it was generally considered that these observations were due to the current sheet flapping in an up-and-down motion over the spacecraft. The multi-spacecraft Cluster mission later confirmed this by unambiguously determining the local velocity of the current sheet (Zhang et al., 2002; Sergeev et al., 2004) . These observations presented a new view of the current sheet.
Cluster's unique view of the current sheet offered new insights into current sheet flapping. Zhang et al. (2002) showed that during the flapping the current sheet gets very warped (see their Figs. 3 and 5 and Fig. 4 in this paper), and the normal of the current sheet for the neutral sheet crossings was often tilted away from the Z GSM -axis over more than 90 • in the Y Z GSM -plane. Sergeev et al. (2004) performed a statistical study of magnetotail flapping events in 2001 using Cluster. Using timing analysis (Harvey, 1998) they found that the normal direction of the current sheet in the GSM XY-plane was always pointing away from the midnight meridian, indicating that the waves are travelling towards the flanks. Typically the y-component of the normal was largest and the average propagation velocity of the waves was 57 km s −1 for more quiet current sheets and 145 km s −1 for active ones.
The studies of current sheet flapping discussed above presented observations from a narrow range of distances along the tail for each individual study, either from a single spacecraft location or relatively closely separated (i.e., ∼ 1000 km) multi-spacecraft observations by Cluster. On 5 August 2004 both Cluster and Double Star TC1, which were separated by ∼ 5 R E observed a flapping magnetotail. Using the four spacecraft Cluster data, timing analysis (Harvey, 1998) was performed on the B x = 0 crossings to obtain the normal direction of the current sheet. This timing analysis showed that the current sheet was again very warped (see Fig. 3 in Zhang et al., 2005) during the flapping, with an oscillation period of ∼ 10 min. The time difference between the Cluster spacecraft and TC1 showed that the flapping of the tail takes place over at least a distance of 5 R E along the tail, and that the waves are travelling at a slight angle with respect to the GSM Y-direction .
Theoretical models have investigated those inherent instabilities of the Earth's magnetotail that are driven by the magnetic field and plasma gradients along and across the tail. These models delivered the dispersion relation for these types of large-scale waves in the Earth's magnetotail and have been presented by Golovchanskaya and Maltsev (2005) and Erkaev et al. (2008 Erkaev et al. ( , 2010 . Lately, Forsyth et al. (2009) showed that the so-called "double gradient model" in which the flapping waves arise through the combination of the magnetic field gradients ∂B x /∂z and ∂B z /∂x, as presented by Erkaev et al. (2008) , best fit the observations made by Cluster of a flapping current sheet in 2001.
The flapping motion of the current sheet has enabled detailed studies of the vertical structure of the current sheet to be made, given that the observing spacecraft can pass through the current sheet on relatively short timescales. Sergeev et al. (1998) used three months of magnetic field and plasma data from the AMPTE/IRM satellite, to study the flapping motion of the Earth's magnetotail and the structure of the current sheet. They found that there was a correlation to the plasma velocity perpendicular to the plane of the current sheet (V Z,GSM ) and the dB X,GSM /dt. A linear regression was made between the velocity and the magnetic field time derivative:
For the cases in which a strong correlation was found, an estimate for the scale height h of the current sheet could be obtained when a planar current sheet is assumed (which holds when B z B x ):
where k 1 is the regression coefficient between B y and B x , and B L is the lobe magnetic field. This leads to current density estimate of:
with the current in nA/m 2 . From the AMPTE/IRM data it was concluded that during flapping events the current density was more intense (j ∼ 10-20 nA m −2 ) and the current sheet thinner (h ∼ 0.2-1 R E ) than was expected from magnetospheric models for quiescent magnetotails (j ≤ 5 nA m −2 , h ≥ 1 R E , see e.g., Zhang et al., 2006) . A recent statistical study by Davey et al. (2012) showed observations of magnetotail flapping events also have a similar occurrence distribution across the magnetotail to fast magnetospheric flows, suggesting a link with substorm activity. At Jupiter some investigations on "flapping" current sheets were done by Israelevich and Ershkovich (2006) and Israelevich et al. (2007) using multiple Voyager 2 and Galileo crossings of the Jovian current sheet in order to find if its structure is Harris-like or bifurcated. In a Harris current sheet (Harris, 1962) between two regions of oppositely directed magnetic fields, there is pressure balance between the plasma and the magnetic field and the magnetic field can be described by a hyperbolic tangent with a specific scale height H :
This model has maximum current density in the centre of the current sheet described by:
In contrast to a Harris sheet the current sheet can also be bifurcated, which means that there is a local minimum in the Ann. Geophys., 31, 817-833, 2013 www.ann-geophys.net/31/817/2013/ current density at z = 0 which is flanked by two maxima at z = ±z 0 (see e.g., Hesse and Schindler, 1986; Runov et al., 2003) . It should be understood that "flapping" in Israelevich and Ershkovich (2006) and Israelevich et al. (2007) refers to multiple crossings of B x = 0, but these crossings need not show the characteristics of the Earth's magnetotail flapping. These papers showed a number of profiles of ∂B X /∂t against B x , taken to be indicative of the current density profiles of the current sheets. Their observations included 14 bifurcated sheets within the period from 13 September 1996 until 26 December 1998. They concluded that bifurcation is not a common feature of the Jovian current sheet. When present, the bifurcation is possibly generated by the ion pressure anisotropy in the plane perpendicular to the magnetic field. They present a model for the Jovian current sheet using Vlasov and Maxwell's equations and introduce a strong anisotropy in the ion pressure. They obtain a current density for the Jovian current sheet depending on the vector potential A(z) of the magnetic field (with B = dA/dz):
where,Ã,B are the dimensionless vector potential and magnetic field. The profile of this Jovian current density fits well with that of the Earth for bifurcated current sheets. In the Kronian magnetotail there are various periodicities related to the rotational period of Saturn, as discussed in Arridge et al. (2011); Andrews et al. (2012) ; Provan et al. (2012) . It was found that the current sheet in the Kronian magnetosphere is hinged, similar to those at the Earth and Jupiter, and that it is located above the rotational equator and adopts a bowl shape over the midnight-dawn-noon local time sectors .
Cassini data have also shown that reconnection happens in Saturn's magnetotail (see e.g., Jackman et al., 2007 Jackman et al., , 2008 Masters et al., 2011) , showing the presence of plasmoids (Hones et al., 1984) and return flows, and indicating that the recurrence rate of these events may be in the region of ∼ 2.4 days . However, there have not been any studies with respect to possible magnetotail flapping as have been done at Earth and Jupiter.
In this paper, we try to find whether the magnetotails of Jupiter and Saturn show a similar flapping behaviour as the Earth's magnetotail, which was not done in the Jupiter papers discussed above. There is strong evidence that substormlike processes occur in the magnetotails of the giant planets, where stored energy is released through reconnection events as shown by e.g., Jackman et al. (2007); Masters et al. (2011); Vogt et al. (2010) , which may then be able to drive the flapping motion of the magnetotail. However, for the six events that we will be investigating in this paper at these two giant planets plasma velocity vectors are not routinely available. Therefore, we first examine the characteristics of the flapping motions at the Earth using magnetometer data from Cluster and Double Star in Sect. 2.1. These results are then compared with data from Cassini at Saturn in Sect. 2.2 and Galileo at Jupiter in Sect. 2.3. A comparison with theoretical models is presented in Sect. 3, the possible current sheet bifurcation is discussed in Sect. 4, and we end with a discussion in Sect. 5.
In this paper, at the Earth, we will use the Geocentric Solar Magnetospheric system (GSM) which has its x-axis from the Earth to the Sun. The y-axis is defined to be perpendicular to the Earth's magnetic dipole so that the XZ-plane contains the dipole axis. The positive z-axis is chosen to be in the same sense as the northern magnetic pole. This is the preferred coordinate system for the Earth's magnetotail, as e.g., for magnetotail flapping the rocking of the current sheet normal only displays its characteristic motion in this system. Therefore, at the giant planets we will use the planetocentric Solar Magnetospheric (pSM) coordinate system which is similarly defined with the specific planet as the origin.
Magnetotail flapping at Earth, Saturn and Jupiter
In Fig. 1 we show the relative location within their respective magnetospheres of all events discussed in this paper. The event from Cluster is labelled Cl, the events from Jupiter are labelled 141, 171 and 173 and the events from Saturn are labelled 144, 249 and 265. Also shown are the approximate locations of the magnetopause for the Earth (polynomial values in Table 2 of Fairfield, 1971) , Jupiter (Joy et al., 2002 , with solar wind dynamic pressure P dyn ≈ 0.2 nPa) and Saturn (Arridge et al., 2006 , with P dyn ≈ 0.01 nPa) in planetary radii. This gives an impression of where the events roughly take place inside the planetary magnetosphere.
In this paper, we will use data from the fluxgate magnetometer on Cluster ) from 2004, Cassini magnetic field data (Dougherty et al., 2004) at 1 s and 1 min resolution and the plasma data (Young et al., 2004 ) from 2006 and Galileo magnetometer data (Kivelson et al., 1992) at 27 s resolution from the G8 orbit of Galileo in 1997.
Observations at Earth
On 5 August 2004 both Cluster and Double Star TC1 observed a flapping magnetotail as discussed by Zhang et al. (2005) and Volwerk et al. (2005) . In Fig. 2 , the magnetic field components and magnitude are shown for the four (black, red, green, blue) Cluster spacecraft ) and (magenta) Double Star TC1 . The yellow shaded area in the figure shows the interval of magnetotail flapping.
Using the Cluster four-spacecraft data, timing analysis (Harvey, 1998) was performed on the B x = 0 crossings to obtain the normal direction of the current sheet. The results of this timing analyses are shown in Table 1 , and the quasi period for this current sheet oscillation is ∼ 10 min that the flapping of the tail takes place over at least a distance of 5 R E along the tail, and that the waves are travelling at a slight angle with respect to the Y -direction (see Zhang et al., 2005; Volwerk et al., 2005) , a schematic view of which is shown in Fig. 3 . As the Galileo and Cassini missions at Jupiter and Saturn, respectively, are single spacecraft missions, timing analysis is not possible there. However, the normal of the current sheet can also be determined through Mininum Variance Analysis (MVA, Sonnerup and Cahill, 1967; Sonnerup and Scheible, 1998) over intervals that contain the B x = 0 crossing. Also, the data resolution is lower at the outer planets for the events that we are looking at: for Galileo the data sampling rate is 24 s, whereas for Cassini the sampling rate used here is 1 min (down sampled from 1 s), compared to the 22 Hz data from Cluster. Because MVA gives better results on smoothed datasets, we have performed the MVA on spinresolution (4 s, which is a higher resolution than will be used at Jupiter and Saturn) Cluster data and compare the results of the MVA normals with the timing normals in Table 1 . In order to get an error estimate of the minimum variance direction we also calculate the error cone around the minimum variance direction, i.e., the angles of this cone in the intermediate and maximum variance directions (for the equations see, e.g., Sonnerup and Scheible, 1998) .
For a wave travelling from the centre of the tail towards the flanks, one expects that the x-component of the normal is minor and the y-and z-components to oscillate between equal ∼ 10 R E down the tail, both at a local time of ∼ 02:00 LT. The multiple B x = 0 crossings were identified as magnetotail flapping .
signs for both components and opposite signs as shown in Sergeev et al. (2004) . It is clear that the directions of the current sheet normal for both methods (timing and MVA) are not the same as listed in Table 1 , however, the pattern of the yand z-components are quite similar with respect to the signs of both components, except for crossing #5 for which the ratio of the intermediate and minimum eigenvalue is rather small, λ med /λ min = 3. We note that in their comparison of MVA and timing analysis, Sergeev et al. (2006b) showed that the minimum variance direction of a flapping current sheet was within 20-30 degrees of the timing vector for values of λ med /λ min > 4. A graphical interpretation of the current sheet normals in the YZ-plane is given in Fig. 4 . Here we plot the normal direction as a solid arrow and the error cone around this direction, obtained from the MVA analysis, as dotted lines around the arrow. In the top part of Fig. 4 we have taken the timing normals and drawn an artist's impression of the warping of the current sheet as indicated by the normal directions in the YZ-plane. The current sheet should be at right angles to the arrows that represent the normals.
Although the absolute direction of the current sheet normal may not be correct using MVA on low-resolution data, as compared to multi-spacecraft timing analysis, its general behaviour is well captured and we can use this method to investigate possible magnetotail flapping at the giant planets.
Observations at Saturn
We use the Cassini magnetic field data (Dougherty et al., 2004) tail and remained well within the centre of the tail, i.e., the orbit was located within the region of −20 ≤ Y KSM ≤ 20. We have searched for half-hour intervals where there are multiple crossings of the current sheet and selected events for this case study on DOY 144, 249 and 265. Although the description of tail dynamics may be best described in the spherical KRTP coordinate system (see e.g., Jackman et al., 2009) , in order to perform the analysis of the current sheet normal using MVA we need a Cartesian coordinate system. Also, we prefer to use the same coordinate system as at Earth, for reasons mentioned above, and for easier comparison between planets. The data have been transformed to the KSM (Kronian-Solar-Magnetospheric) coordi- 
Saturn DOY 249
The magnetic field data for DOY 249 (6 September 2006) and the interval 03:45-05:15 UT are shown in Fig. 5 . It is clear that B x crosses zero several times during the interval 04:06-04:42 UT. We define six intervals of strongly changing B x , where the last five are alternating decreases and increases of B x with zero crossings. The intervals are marked with filled areas of different shades of gray in Fig. 5 . Minimum variance analysis has been performed on these intervals and the results are given in Table 2 and graphically in Fig. 4 . The quasi-period for this oscillation is ∼ 5 min.
The results of the MVA show that the x-component of each minimum variance direction is relatively small compared to the y-or z-component and is always positive. The y-component was always negative, but the z-component switched signs on each crossing between the second and fourth crossings. This is consistent with the observations of flapping current sheets in the Earth's magnetotail as presented by Sergeev et al. (2004) and in the Earth example above. The normal directions in the YZ-plane are shown in Fig. 4 . The eigenvalue ratio for each vector was above 6 and was for most of the events was above 100, indicating that the minimum variance direction was well defined. Based on the MVA results, this event will be considered as a detection of magnetotail flapping at a period of T ∼ 5 min.
Saturn DOY 144
One special event happened on DOY 144 (24 May 2006) during the interval 06:30-08:00 UT. The data are shown in Fig. 6 , and it is clear that during this event the main oscillation of the magnetic field is in B y instead of B x . Also, there is a significant constant B z ≈ −3 nT during this interval.
The MVA performed on the four intervals, shown in Table 3 and graphically in Fig. 4 does not show the expected direction change of the normal, which would be in the XZ-plane as the flapping seems to take place in the B ycomponent. This can have two reasons: (1) Only the first interval has a well defined B x = 0 crossing; (2) there is a strong B z during this event. The quasi-period for this oscillation is ∼ 9 min.
For this event there are plasma data available with the correct pointing of the spacecraft (i.e., corotational flow enters the plasma instrument), that are shown in Fig. 7 . We have plotted the V z component of the ion velocity and the density for H + , H + 2 and W + . As the flapping motion seems to be in the B y component, we have also plotted dB y /dt (in contrast to dB x /dt in e.g., Sergeev et al., 2004) . During the flapping period there seems to be some indication that at 06:57 UT for dB y /dt < 0 one finds for H + 2 a positive velocity, whereas at 07:10 UT for dB y /dt > 0 one finds for H + 2 a negative velocity, showing the up-and-down motion of the current sheet over the spacecraft. However, due to relatively low count rates the velocity estimate has a rather large error, with other estimates than shown in this paper giving V z = 0±10 km s −1 for this event (R. Wilson, personal communication, 2012) . This makes it difficult to assign the flapping label to this event, as the MVA result is negative and the plasma data are inconclusive.
Saturn DOY 265
We show the data for DOY 265 (22 September 2006) and a zoom in on interval 11:00-13:30 UT in Fig. 8 . Again a minimum variance analysis is applied to the intervals indicated in the figure in Table 4 and graphically in Fig. 4 . The quasi-period of this event was ∼ 15 min.
Similar to the event on DOY 249 the minimum variance direction showed a pattern of small x-component, an alternatingly changing sign of the z-component and constant sign for the the x-and y-components. The eigenvalue ratios were all above 4, suggesting the minimum variance direction was correct to within 20-30 degrees (Sergeev et al., 2006a, b) , but were somewhat smaller than from DOY 249, with only two crossings with eigenvalue ratios greater than 200. Interestingly, there seems to be a skip at the sixth interval, which looks like a sharp change in the motion of the current sheet from the data shown in Fig. 8 right panel. There then is a rather large time gap, almost 1 period, before the next current sheet crossings and Cassini's ultimate crossing from the southern to the Northern Hemisphere. We will identify this event as magnetotail flapping.
Observations at Jupiter
At Jupiter, we use the Galileo magnetometer data (Kivelson et al., 1992 ) from the G8 orbit (i.e., the eighth orbit of Galileo around Jupiter, and the target flyby moon was Ganymede), where the spacecraft is partly traversing the central part of the tail outbound from Jupiter and traversing the dusk-side tail during the inbound part of the orbit. Unfortunately, the plasma data available from this mission are too sparse to help with this investigation. The cruise data for the magnetic field were sampled at 24 s resolution.
We will discuss three events on DOY 141, 171 and 173 of 1997 in the following sections. The rotational (system III) period of Jupiter of 9 h 55 29.71 (see e.g., Dessler, 1983) is apparent in the data. The tilted Jovian dipole (∼ 9.6 • , see e.g., Bagenal et al., 2004) sweeps the current sheet up and down over the spacecraft in roughly 5 h intervals because Galileo's orbit remains near the Jovian equator. We searched these current sheet sweeps for flapping events.
Jupiter DOY 141
The magnetic field data for DOY 141 (21 May 1997) and for the interval 19:00-19:45 UT are shown in Fig. 9 in the Jovian-Solar-Magnetospheric (JSM) coordinate system, as defined above. The spacecraft is near the centre of the Jovian magnetotail. There is a low-amplitude oscillation of the magnetic field B x during this current sheet crossing. We have www.ann-geophys.net/31/817/2013/ Ann. Geophys., 31, 817-833, 2013 performed MVA analysis on the current sheet crossings, and the result is shown in Table 5 and graphically in Fig. 4 . The minimum variance directions show a similar pattern as for the Earth and Saturn, a small x-component, and an oscillating z-component at constant sign of the x-and ycomponent, indicative of a flapping event, a wave travelling from the centre of the magnetotail towards the flanks. Indeed, for the first five MVA directions we find this pattern, however, for the last two B x = 0 crossings there seems to be a skip in the alternation. We note that the eigenvalue ratios for these MVAs were much lower than for the Saturn and Earth events, with only three events with an eigenvalue ratio greater than 4. However, based on the behaviour of the current sheet normal, which is as expected for a travelling wave, we identify this event as magnetotail flapping in the centre of the Jovian magnetotail. The quasi-period for this oscillation is ∼ 4 min.
Jupiter DOY 173
The magnetic field data for DOY 173 (22 June 1997) and the interval 02:30-03:20 UT are shown in Fig. 10 . There are several B x = 0 crossings as well as B y = 0. Galileo is located in the dawn flank of the Jovian magnetotail, where the magnetic field is influenced by flaring (see e.g., Huddleston et al., 1998; Belenkaya et al., 2005) . The field lines are no longer mainly in the x-direction, as they are near the centre of the magnetotail, but obtain a significant y-component. We, therefore, transform the data by rotating over −30 • around the zaxis, whereby the main variation of the magnetic field is in the rotated X r -component.
The MVA analysis is now performed on the rotated dataset and the results are shown in Table 6 and graphically in Fig. 4 . The minimum variance directions for the B Xr = 0 crossings are all very well defined, with all the eigenvalue ratios greater than 10. The directional pattern showing up in the current sheet normals shows a strong oscillation in amplitude between Y r and Z r . The third crossing does not conform to this, with a negative z-component when we would expect a positive z-component, however, this component was very small. There seems to be a skip in the last 2 crossings, which were not continuous with the first three, as can be seen in Fig. 10 (one B Xr -dip does not cross zero). The quasi-period of these oscillations is ∼ 3 min.
Jupiter DOY 171
The data for DOY 171 (20 June 1997) and for the interval 14:30-15:30 UT are shown in Fig. 11 . Again, there are multiple B x = 0 crossings. However, there are also oscillations in the B y component as in DOY 173. As Galileo is in a similar region of the Jovian magnetotail as on DOY 173, we once more rotate the magnetic field data over −30 • around the z-axis to account for the flaring of the tail. We perform the MVA analysis on the rotated data and the results are shown in Table 7 and graphically in Fig. 4 .
The current sheet normal directions show mostly a minimal X r -component, a sign-changing z-component at constantly negative X r -and Y r -components, which is indicative of a flapping event, where a travelling wave is moving in the Y r direction. The eigenvalue ratios in this interval were comparable to but slightly higher than those from DOY 141. ., 31, 817-833, 2013 www.ann-geophys.net/31/817/2013/ Except for the last two B Xr = 0 crossings, where there is again a sign skip. The quasi-period for this event is ∼ 4 min. In summary: We examined the reliability of MVA to determine the true current sheet normal direction (taken to be that determined by multi-spacecraft timing analysis) for periods of flapping current sheets at Earth. Using this, we have studied several dynamic current sheet crossings at Saturn and Jupiter and determined the current sheet normal for multiple B x = 0 crossings per event. For each planet the normals show strong oscillations, indicative of a "wavy twisted neutral sheet" as described by Zhang et al. (2002) (but see also Cowley, 1981) . The period of the current sheet waves was 3-4 min at Jupiter and 5-15 min at Saturn, compared with 1-5 min at Earth (Sergeev et al., 2006a) .
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Comparison with theory
We have shown possible magnetotail flapping events for Jupiter and Saturn. We will now put these events into context with respect to the instability criteria discussed by Erkaev et al. (2008 Erkaev et al. ( , 2009 Erkaev et al. ( , 2010 . Forsyth et al. (2009) showed recently that at Earth this model is preferred to describe the behaviour of the magnetotail during flapping. The so-called magnetic double gradient model follows from the linearised MHD equations and leads to a flapping frequency given by (SI versions taken from Forsyth et al., 2009 ):
where ρ is the current sheet density and the dispersion relation is given by:
where is the current sheet half-thickness, k is the wave number and λ k is the numerical solution to tan λ k = k /λ k .
Unfortunately, there are no multi-spacecraft missions at Jupiter and Saturn, unlike at the Earth with the Cluster mission, that can deliver the instantaneous half-thickness of the current sheet and the gradients of the magnetic field that are needed in Eqs. (7) and (8). However, there have been efforts to estimate the current sheet thickness for several Cassini revolutions by Sergis et al. (2011) and for Jupiter by Khurana and Kivelson (1989) and Khurana and Schwarzl (2005) . As these are not simultaneous measurements with the events discussed in this paper, we will use magnetic field models that have shown to work well with the observations by spacecraft to describe the generic magnetotails of the giant planets and, therefore, predict the period of the flapping oscillations.
Saturn
The models for Saturn's magnetospheric field are based on the ring current model by Connerney et al. (1981, known as CAN81), which was originally developed for the Jovian magnetosphere. Using Cassini magnetometer data, this model was modified by Arridge et al. (2008) to include the seasonally dependent bowl-shape of the current sheet, which e.g., gives an explanation for the observed periodicities, which would not be expected in the almost perfectly aligned Kronian magnetic dipole magnetosphere. Also, they modified the CAN81 model to take into account the hinging of the magnetotail. This leads to a rather complicated model of the magnetic field equations, which describe the observed magnetic field well, but may be too detailed for the estimate of the flapping frequencies.
However, it has been shown by Dougherty et al. (2005) and Bunce et al. (2007) that the simple CAN81 model can rather well describe the magnetic field of the current sheet after the internal Kronian field has been subtracted from the data. Therefore, we will use the CAN81 model to calculate the flapping frequency as given by Eq. (7). As the flapping events at Saturn are taking place at X KSM < −16 R S , we use region III of the ring current model, which has the following equations for the magnetic field:
where, with the parameters determined by Bunce et al. (2007) , µ 0 I 0 ≈ 60.4 nT is the ring current, D ≈ 3 R S is the half-thickness of the current sheet, a ≈ 15.5 R S is the inner radius of the region III.
As through using magnetotail models we can only get rough estimates of the flapping frequency for generic magnetotail models; for simplicity we will assume that the spacecraft is at the midnight meridian, we can set B x = B r and find the derivatives that are needed in Eq. (7):
The variation of the internal magnetic field needs to be added to these derivatives. The density in Saturn's magnetosphere during the flapping events discussed above is low, see e.g., Fig. 7 , and we choose an upper limit N ≤ 0.1 cm −3 with an average mass of ∼ 10 AMU. This leads to the following spread in the Kronian tail for 16 ≤ X ≤ 40 to flapping periods of 15.5 ≤ T ≤ 49 min. This range is at longer periods than measured above (5-15 min), however, this can well be due to the uncertainties put into this simple model, e.g., a current sheet thinning to half the nominal value, i.e., D ⇒ 1.5 R S reduces the period by approximately a factor 1.5. The reason for reducing the half-thickness is that the Earth magnetotail flapping is more likely to occur when the current sheet is thin (Sergeev et al., 2006b ). Khurana et al. (2004) describes several models for the Jovian magnetic field, and for the region which is interesting for this paper three models for the current sheet are compared: Connerney et al. (1981) (with a comment by Edwards et al., 2001) , Goertz (1976) and Khurana (1997) . The qualitative differences between the three models are shown in Fig. 24 .12 in Khurana et al. (2004) , and even though the model by Khurana (1997) seems to fit the Galileo data best, we opt here to use the model by Goertz (1976) . The equations describing the magnetic field are much simpler to manipulate.
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Jupiter
For the two important components of the magnetic field needed in Eq. (7) we find the following expressions for the field created by the current sheet:
where b 0 = 10 −5 T, a = 0.7, the current sheet half-thickness can be estimated by D(r) < 4.6/r 0.3 R J for r > 2 and for variations close to the equator C ≈ 10 and both r and z are expressed in Jovian radii. To this, the dipole magnetic field B D needs to be added. The density of the current sheet is given by N = 5 × 10 7 r −6 .
www Fig. 9 . As the data need to be rotated to account for the magnetotail flaring, the right hand panel shows the data in the rotated system. There is no field-line bend-back in this magnetic field model (for that see e.g., Khurana, 1997) , and for simplicity we assume that the spacecraft is at midnight local time, so we can say b r = b x and we will replace r with x. The derivatives for Eq. (7) are:
where the x variation in the dipole field is neglected. With Galileo located between 25 ≤ x ≤ 80 R J , we find a flapping period for the Jovian tail of 21.5 ≤ T flap ≤ 30.5 min, which is higher than the quasi-periods found above (3-4 min). However, for the current sheet thickness the upper limit is used in this model, reducing that number to one third its value reduces the periods to half their values, closer to what is observed, but still off.
Current sheet bifurcation
As described in the introduction Israelevich and Ershkovich (2006); Israelevich et al. (2007) studied the bifurcation of the Jovian current sheet during intervals with multiple current sheet crossings observed by Voyager 2 and Galileo. Their conclusion was that a bifurcated current sheet happens only seldomly at Jupiter.
For the six events in this study we calculate the magnetic gradient. The magnetic field gradient is determined between consecutive points, i.e., at Galileo the t = 24 s and for Cassini 10 s (down-sampled from the 1 s resolution of the data in the Kronian magnetotail). The result for the different events are shown in Fig. 12 , where the gradients are sorted with respect to the central B x of the interval and binned with varying bin sizes per event.
For Jupiter DOY 141 and 171 there is no evidence for a bifurcated current sheet whereas for DOY 173 there is too sparse data to make any conclusion. DOY 141 shows a maximum around B x = 0, with another maximum around B x ≈ 1 which comes from the first part of the interval (19:00-19:15 UT). DOY 171 shows an almost constant value for dB x /dt, with no indication of bifurcation. For DOY 173 there are too few points in the bins to obtain any information about the structure of the current sheet. This is in agreement with the observations by Israelevich et al. (2007) that bifurcation is seldomly observed in the Jovian tail.
For Saturn DOY 265 there seems little evidence for an actual bifurcated current sheet, with a rather flat curve of dB x /dt. For DOY 144 the behaviour is slightly different, with elevated gradients around B x ≈ ±1 nT with respect to B x = 0. However, the error bars are rather large.
On DOY 249 there are two peaks in dB x /dt at B x ≈ ±0.5 nT, where the negative peak is well determined, whereas the positive peak had large error bars. This may well be a bifurcated current sheet, however, through the large B component between ∼ 04:15 and 04:30 UT the gradient determination may be contaminated. Taking out this interval does not improve the result significantly.
Discussion
We have performed a first comparative study of magnetotail flapping, comparing the details of the flapping process that were found in the Earth's magnetotail to the giant planets Jupiter and Saturn. Several events where there are multiple B x = 0 crossings and/or oscillations of B x whilst the spacecraft moves from one hemisphere of the tail to the other are studied using minimum variance analysis to obtain the current sheet normal.
At Earth it has been shown that some of these events are so-called flapping events, where a kink-mode like wave in the magnetotail moves from the centre to the flanks at a slight angle with the midnight meridian. The propagation direction can be determined for the Earth through the multi-spacecraft mission Cluster in combination with the Double Star mission.
Unfortunately, at Jupiter and Saturn there are no multispacecraft missions and, thus, we have to identify the possible flapping motion through different methods. We have chosen to look at the current sheet normal during the various crossings of the neutral sheet B x = 0. In case of a wave moving as mentioned above, the normal is expected to flipflop in the YZ-plane and have only a minor component in X. In case that plasma data are available the up-and-down velocity of the magnetotail can be determined, which should have a correlation with the time gradient of the magnetic field. Unfortunately, for various reasons plasma data for these six events down the tails of the giant planets that can be used for this kind of analysis are scarce. For three possible flapping events selected at Cassini only for one event the pointing of the spacecraft was adequate to obtain a reliable estimate of the V z component. Thus, the main method for flapping identification was the current sheet normal direction.
We have shown two events at Saturn that could be identified as flapping based on the current sheet normal direction (DOY 249 and 265) and one event where the MVA analysis was inconclusive, but the available plasma data is hard pressed to support the interpretation that the Kronian magnetotail was flapping. Therefore, DOY 144 at Saturn cannot be labelled a magnetotail flapping event.
At Jupiter three events were shown where the MVA analysis clearly showed the motion of the current sheet normal in agreement with the expectations for flapping events. One thing that needs to be addressed is the rotation of the coordinate system for the flank events (DOY 171 and 173). The oscillation of the current sheet normal is "flapping-like" in the rotated coordinate system. This means that the waves www.ann-geophys.net/31/817/2013/ Ann. Geophys., 31, 817-833, 2013
travelling through the tail at a slight angle with respect to the X JSM -axis near the centre of the tail, propagate under a greater angle with respect to the X JSM -axis near the flanks, but not with respect to the rotated X r -axis. This means that the waves move with the direction of the magnetic field in the tail.
Estimates for the period of the flapping were obtained from the magnetic field models for Saturn and Jupiter based on the double-gradient instability model. The estimated periods were above those observed, however, this can well be caused by errors in the input parameters for the magnetoplasma in both tails, like the current sheet thickness and the plasma density.
One of the differences between Jupiter, Saturn and the Earth is that the giant planets are rapid rotators, more than twice as fast as the Earth. This could have influence on the observed waves. At Earth a statistical study (Sergeev et al., 2006b ) has investigated the occurrence frequency of flapping events as a function of V Y, GSM , which shows that, although the distribution function is a narrow Gaussian, for relatively high velocities, 100 ≤ |V Y | ≤ 500 km s −1 , there is a non-negligible number of events in their study. This range of values for V Y, GSM contains the corotational velocities at the giant planets. However, Sergeev et al. (2006b) do not show any data for events with strong V y , and do not indicate the wave period for these events. For the DOY 144 event at Saturn, the corotational velocity V φ ≈ 150 km s −1 . Investigations by Runov et al. (2005) using multi-point Cluster measurements showed that the timing velocity of the kink-mode wave was equal to the bulk velocity of the plasma, indicating that the ion flow may transport the wave mode at relatively small velocities V y ≈ 25 km s −1 . Higher bulk plasma flow velocity transporting the kink wave could possibly lead to Doppler shifting. This may be another reason why the estimated flapping periods from the generic magnetotail models are higher than what is measured by the spacecraft. Indeed, at dawn the propagation direction of the waves and the corotation velocity are in the same direction giving a Doppler blue shift.
At Earth it was shown that magnetotail flapping is related to storm or substorm activity in the magnetosphere (see e.g., Davey et al., 2012) . We, therefore, compare the Jovian flapping events with the list of reconnection events presented by Vogt et al. (2010) . It is found that the events of DOY 171 and 173 are during the same time interval at which reconnection was inferred, strengthening the case that in Jupiter magnetotail flapping is caused by the same kind of driver as at Earth.
There were only few flapping events in the datasets that were used in this study, for Saturn five possible events were found of which two (from three in this paper) could be clearly identified as flapping out of 157 tail crossings with multiple neutral sheet crossings. With a substorm occurrence rate of one per 2.4 days one would expect a substorm for every 5 neutral sheet crossings, which, however, need not be detected by the spacecraft if the flow channels are of limited width as at Earth (see e.g., Nakamura et al., 2004) . Also, the predisposition of the current sheet for the "double gradient instability" may not occur as often in the Kronian magnetosphere. Similar comments can be made for the Jovian magnetotail.
A question can arise whether a bifurcated current sheet can produce a flapping signature when the spacecraft passes through. A crossing of a bifurcated current sheet would give rise to a signature in which B x decreases, then increases again and then decreases, however, it will not necessarily lead to B x = 0 crossings depending on the orbit of the spacecraft (see e.g., Runov et al., 2003 Runov et al., , 2004 , which were a requirement for the search of flapping events. Naturally, it cannot be excluded that current sheet bifurcation can play a part in the signatures that are measured, however, in this paper the study of possible bifurcation of the current sheets at Jupiter and Saturn showed that for only one event a case could be made.
Further statistical studies of magnetotail flapping at Jupiter and Saturn, using Galileo and Cassini data are planned to be performed in the near future. Some of the topics that cannot be addressed in a case study like this one are: Is magnetotail flapping dependent on local time; What is driving magnetotail flapping (one presented case shows a connection to magnetic reconnection); What is the occurrence rate of flapping events in comparison to that of magnetic reconnection. Some of these questions should be addressed before the arrival of Juno and JUICE at Jupiter, which then can deliver more observations.
